Abstract. Nitrogen (N) has emerged in recent years as a key factor associated with global changes, with impacts on biodiversity, ecosystems functioning and human health. In order to ameliorate the effects of excessive N, safety thresholds such as critical loads (deposition fluxes) and levels (concentrations) can be established. Few studies have assessed these thresholds for semi-natural Mediterranean ecosystems. Our objective was therefore to determine the critical loads of N deposition and long-term critical levels of atmospheric ammonia for semi-natural Mediterranean evergreen woodlands. We have considered changes in epiphytic lichen communities, one of the most sensitive comunity indicators of excessive N in the atmosphere. Based on a classification of lichen species according to their tolerance to N we grouped species into response functional groups, which we used as a tool to determine the critical loads and levels. This was done for a Mediterranean climate in evergreen cork-oak woodlands, based on the relation between lichen functional diversity and modelled N deposition for critical loads and measured annual atmospheric ammonia concentrations for critical levels, evaluated downwind from a reduced N source (a cattle barn). Modelling the highly significant relationship between lichen functional groups and annual atmospheric ammonia concentration showed the critical level to be below 1.9 µg m −3 , in agreement with recent studies for other ecosystems. Modelling the highly significant relationship between lichen functional groups and N deposition showed that the critical load was lower than 26 kg (N) ha −1 yr −1 , which is within the upper range established for other semi-natural ecosystems. Taking into account the high sensitivity of lichen communities to excessive N, these values should aid development of policies to protect Mediterranean woodlands from the initial effects of excessive N.
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Introduction
Fixation of atmospheric N 2 to reactive nitrogen (N reac ) allowed its use as fertilizer for agriculture, supporting an unprecedented increase in human population (Erisman et al., 2008) . This agriculture-related N reac (mostly supplied as reduced nitrogen, NH 3 /NH + 4 , N red ), together with that emitted from fossil fuel combustion (mostly oxidized nitrogen, NO x ) was in 2007 at least equal to the amount of nitrogen (N) fixed by non-human processes (UNEP and WHRC, 2007) . A large fraction of N reac escapes into ecosystems, and as a consequence, the presence of excess N is increasingly detected across ecosystems (Erisman et al., 2008) , causing alterations to plant biodiversity (Bobbink et al., 2010) , ecosystem functioning (Manning et al., 2006) and also affects human health (Galloway et al., 2003) . In fact, together with the rates of climate changes and biodiversity loss, the rate of human interference on the N cycle was considered to have passed the safety boundary for human wellbeing on Earth (Rockstrom et al., 2009 ).
P. Pinho et al.: Critical loads of nitrogen deposition and critical levels of atmospheric ammonia
In order to protect ecosystem functioning from excessive N reac , the concepts of critical loads (CLOs) of nitrogen deposition (N dep ) and, more recently, of critical levels (CLEs) of atmospheric ammonia, have been defined. In this work the CLOs are a quantitative estimate of exposure to N dep below which significant harmful effects on specified sensitive elements of the environment at the ecosystem level do not occur according to present knowledge (Nilsson and Grennfelt, 1988) . The CLEs correspond to the concentration of atmospheric ammonia ([NH 3 ] atm ) above which direct adverse effects may occur according to present knowledge (Cape et al., 2009) . It is important to note that while the CLO corresponds to the total amount of N deposited from the air, the CLE refers only to the concentration of ammonia in the atmosphere. The CLOs for N deposition have been recently revised, with values ranging from 3-30 kg ha −1 yr −1 for Europe (Bobbink et al., 2011) and between 1-25 kg ha −1 yr −1 for North America (Pardo et al., 2012) . The same occurred for long-term (annual) CLEs, for which a reduction from 8 µg m −3 to 1 µg m −3 was recommended to the United Nations Economic Commission for Europe, UNECE (Hallsworth et al., 2010; Pinho et al., 2009) .
Although CLOs and CLEs are important in environmental policies , most of the values are based on work done on temperate ecosystems (Fenn et al., 2007; Rogers et al., 2009; Wolseley et al., 2006; , but not on Mediterranean ones (Bobbink et al., 2011) , with the exception of Mediterranean California Ochoa-Hueso et al., 2011) . This currently prevents the establishment of empirical CLOs and CLEs for Mediterranean systems outside California. However, California is rather different from the European-Mediterranean areas, on what regards the historical land-use and current spatial distribution of artificial vs. natural areas, which are spatially apart from each other. In fact, unlike other regions of the world, in the European-Mediterranean area-a biodiversity hotspot (Mittermeier et al., 2005; Myers et al., 2000) , we can find a large variety of land-cover types in relatively small areas (Blondel and Aronson, 1999; Farina et al., 2005) , where small areas with high conservation value mix with low-intensity agriculture and small urban settlements, forming a patchy landscape. These ecosystems, managed for millennia, are species rich and are nowadays the target of conservation policies (Plieninger et al., 2006) and can be classified as "High Nature Value Farmland" (Paracchini et al., 2008) . Farmlands area which can be regarded as "High Nature Value Farmlands" reaches 52 % in European-Mediterranean countries (32 % overall in Europe and 27 % in non-Mediterranean countries) (Paracchini et al., 2008) . Moreover, due to historical transformation of ecosystems by man, in most EuropeanMediterranean countries we can no longer find extensive pristine forests. Because Mediterranean evergreen woodlands are semi-natural ecosystems with high biodiversity and simultaneously provide a large number of other services that depend on low-intensity human management (Bugalho et al., 2011) it is important to know the thresholds for these seminatural areas, in order to protect them from the effects of management intensification. Only recently, the first values for empirical CLOs for Mediterranean maquis vegetation was published based on expert knowledge (Bobbink et al., 2011; Dias et al., 2011) . Other studies on the effect of excessive N dep and [NH 3 ] atm on European-Mediterranean ecosystems were not suitable for establishing CLOs and CLEs due to: (i) the short time periods of N addition to the ecosystem (less than 2 yr) (Bonanomi et al., 2006) : (ii) the [NH 3 ] atm measurements being less than 3 months (Frati et al., 2007; Pinho et al., 2009) ; and iii) the lack of response of the tested parameters, e.g. N leakage (Roda et al., 2002) . In order to avoid these limitations we have worked on an site with a continuous source of N red (a cow barn operated in similar conditions for more than 20 yr), located in an region with a constant background N dep for at least 20 yr (Simpson et al., 2003) , and measured [NH 3 ] atm for an entire year, thus observed changes should reflect the integrated effect of Nred pollution at the ecosystem level. Although N addition studies are the only way to ensure that the observed effects are due to N, these studies are not frequently done with enough time and realistic N doses (Bonanomi et al., 2006; Dias et al., 2011) . N-addition studies can be complemented with gradient studies, where we can ensure a long-term N-supply and realistic N doses (Bobbink et al., 2011) . We have focused on the effect of N red because, unlike NO x , the emissions of this N form haven remained constant on the last years and are not expected to decrease significantly in the future, at least in Europe and United States .
The establishment of CLOs for N dep has used several strategies, being most commonly based on empirical work, although a modelling approach has also been used (Fenn et al., 2008) . The establishment of CLEs for ammonia has been mostly grounded on empirical work (Bobbink et al., 2011; Fenn et al., 2008) , quantifying the effect of increasing [NH 3 ] atm on a receptor (Cape et al., 2009) . In fact, due to lichens dependence on atmospheric nutrition, lichens respond directly to atmospheric pollution, making them ideal to establish thresholds of airborne N. Lichens have frequently been used to assess the effects of industrial pollution (Augusto et al., 2009; Branquinho et al., 2008; Giordani, 2007; Pinho et al., 2004) providing spatially explicit information on the effects of those pollutants (Pinho et al., 2008a, b) . For both CLOs and CLEs, lichen communities have been used as one of the most sensitive receptors; recent proposal for revision of CLEs was mainly based on alterations in lichen communities (Cape et al., 2009; Fenn et al., 2008) and the most recent CLOs established for a large number of ecosystems were also based on lichens (Bobbink et al., 2011) . Specifically regarding the effects of N red , a successful strategy was the use of lichen functional response groups (Lavorel and Garnier, 2002) , i.e. groups of species with a similar response to an environmental factor. It is known that under increasing N availability, nitrophytic species are favoured and oligotrophic species decline (Pinho et al., 2008b (Pinho et al., , 2009 Sparrius, 2007 ). An additional advantage of using lichens is that, due to the high sensitivity of some species, they can be considered as early warning tools, i.e. a change in lichen communities can signal a change in ecosystems before a critical and possible irreversible transition occurs . Although bryophytes and lichens communities seem equally sensitive to excessive N reac , lichens are more abundant in the Mediterranean ecosystems and a standard lichen sampling method is available (Asta et al., 2002) , allowing inter-comparisons across different regional areas. Nevertheless in order to have a wider perspective on N impacts on ecosystems it would be necessary to study other ecosystem components that are more dependent on the soil, such as plants, fungi and invertebrates (Feest and Spanos, 2009) .
Our objective was to determine the critical loads (CLOs) for N deposition and the critical levels (CLEs) for atmospheric ammonia for Mediterranean evergreen woodlands. We hypothesize that the response of lichen functional groups at increasing distances from agriculture N red source could be used to calculate both CLOs and CLEs using modelled N dep and measured [NH 3 ] atm in cork-oak (Quercus suber L.) woodland. The current work is an expansion and improvement of a previous work that approached the calculation of CLEs only and was based on three months measurement of [NH 3 ] atm (Pinho et al., 2009 ). Here we calculate the CLOs and CLEs, utilizing one-year [NH 3 ] atm measurement data and make use of an improved functional groups classification and geostatistical interpolation .
Methods

Study site and sampling
The study site was located 30 km East of Lisbon, Portugal, within a mixed agricultural landscape where a number of high-intensive agriculture hotspots (mostly high-intensity animal farming and irrigated crops) are mixed with lowintensive agriculture activities (mostly extensive pastured cork-oak woodlands). The study site was cork-oak woodland, Eunis class G2.1, "Mediterranean evergreen oak woodland" (Davies et al., 2004) . This area is under a constant background N dep for at least 20 yr (Simpson et al., 2003) . At the upwind edge of this woodland, there is a high-intensity point-source of N red , a barn permanently housing ca. 200 beef-cattle. More details can be found elsewhere . Within the woodland we characterized: (i) lichens species frequency; (ii) nitrogen deposition; and (iii) atmospheric ammonia concentrations (Fig. 1) .
For lichen sampling, a total of 74 points (trees) were selected ( Fig. 1 ) ensuring that the trees had no branches at sampling height, no signs of disease and that the deviation from vertical was less than 10 • (Pinho et al., 2004 ). Lichens Fig. 1 . Sampling design and wind direction. In cork-oak woodland we assessed lichen functional diversity, measured atmospheric ammonia concentration over one year period, and modelled N deposition using LADD model considering the land-cover ("trees" and "grass"), the wind direction and considering the barn as the source of N. The wind direction is the % of wind occurrence from each direction in 10 • interval, during the sampling period. The full circle is 10 %.
were sampled in un-harvested cork accordingly to a standard protocol (Asta et al., 2002) , using a 50 × 10 cm grid, divided in five 10 × 10 squares placed on the four main aspects of the trunk (N, E, S and W) between one and two meters from the ground. All lichen species growing within the grid were identified and the number of squares in which each species was found was recorded as the species frequency. From these data we calculated a standard value, LDV (Lichen Diversity Value) that accounts for both species richness and their frequency (Asta et al., 2002) . Because lichen functional groups based on tolerance to eutrophication were shown to respond more significantly to [NH 3 ] atm than total diversity (Pinho et al., 2009 , LDV was calculated by grouping species into two contrasting response functional groups (Lavorel and Garnier, 2002) : nitrophytic or N-tolerant (LDVnitro) and oligotrophic or N-sensitive (LDVoligo) ( Table 1) . Species ranked as intermediate (mesotrophic) were not used because their relation to [NH 3 ] atm was less significant . Lichen species grouping was based on an international classification of Italian species to eutrophication tolerance (Nimis and Martellos, 2008) after correcting for some species classification .
The N dep was estimated for the entire study site area (Fig. 1) using Local Atmospheric Dispersion and Deposition (LADD) model (Theobald et al., 2004) . The use of transport and deposition models such as LADD to understand the fate of ammonia emitted from point sources is important due to the short-range deposition of most N, allowing the establishment of local environmental policies (Dragosits et al., 2002) . LADD model takes as inputs: the land-cover on a user-specified grid (Fig. 1) , the ammonia source (the "barn" in Fig. 1 ), the animals emission rate and meteorological data. The land-cover map was performed by manual interpretation of aerial photography (2005) distinguishing three land-cover categories: "trees" (the tree canopy), "grass" (areas between the canopies) and "barn" (Fig. 1) . No significant amount of other land-cover types, such as shrubs or other buildings, were present in the study site. Land-cover was then transformed from vector to raster format, using a 5 m resolution grid. Meteorological data, namely wind speed and direction, were collected from the nearest station, in military base (BA6, Força Aérea Portuguesa). In the absence of specific Portuguese emission factors, the animals' emissions were calculated using European emission factors (EEA, 2007) assumming an average barn ocuppation of 200 animals. Using the LADD model we then estimated dry N dep within our study site area for the same period when the [NH 3 ] atm measurements were performed and added this value to the total background N deposition rate predicted by the EMEP Unified Model (Simpson et al., 2003) .
The [NH 3 ] atm was measured at 21 points ( Fig. 1) , during 11 periods from October 2006 to November 2007 ) using high-sensitivity ALPHA passive diffusion samplers ). The ALPHA samplers contained a cellulose filter impregnated with citric-acid as adsorbent (13 % w/v) and after being exposed in the field were extracted into deionised water and analysed for ammonium (N-NH + 4 ) by colorimetry on a Spectra Rainbow A-5082 spectrophotometer (Tecan, Männedorf, Switzerland), using a modified Berthelot reaction (Cruz and Martins-Loução, 2000) . Measurement quality was assured with parallel analyses using an Ammonium Flow Injection Analysis system . Further details can be found elsewhere . The [NH 3 ] atm values given are the mean of the 11 sampling periods, expressed in µg m −3 .
Since all the work was performed in a farm environment, even the more distant sampling points could be experiencing N concentrations higher than the background. For this reason, we compared the LDVs of lichen functional groups measured in our study site to the ones measured in a control area. This control area, Campo de Tiro de Alcochete (Pinho et al., 2012) is located 8 km to the NW of our study site, within military grounds and without any known nearby sources of N red and at the same distance from possible NO x sources (more than 20 km). Taking this into account, N dep and [NH 3 ] atm were assumed to be lower at the control area than at the study site and we considered the LDVs from the control area to be our control LDVs. The control area is similar to the study site, with the same type of vegetation (cork-oak woodland), soil, climate and background N dep as estimated by the EMEP Unified Model output (Simpson et al., 2003) . The same methodology was followed for sampling lichens and calculating the LDVs of functional groups. In this control area, 16 sampling plots located in areas without cattle were used and the mean values were considered as the control LDVs (Pinho et al., 2012) . Taking into account that the control LDV plots are located in the same type of ecosystems, seminatural Mediterranean evergreen woodlands, the calculated critical loads of nitrogen deposition and critical levels of atmospheric ammonia refer to thresholds for this semi-natural ecosystem, not to thresholds for pristine ecosystem.
Critical loads of nitrogen deposition and critical levels of atmospheric ammonia
For calculating CLOs (Nilsson and Grennfelt, 1988) and CLEs (Cape et al., 2009) we modelled the linear relationship between both the LDVs with N dep and [NH 3 ] atm respectively. The control LDV was included in these models and the first observed sampling point that presented a LDV different from the control was considered already changed. According to its definition, the last unaltered point was used to calculate the CLOs and the first altered point for calculating the CLEs. Taking these points and considering the 95 % confidence interval of the linear relationship (Cape et al., 2009) , the CLOs and CLEs were determined. In all regressions the residuals approached a normal distribution and presented an acceptable level of homogeneity, especially when taking into account the large number of samples used in the CLO regressions. For calculating CLOs, the LDVs and N dep were correlated at the lichen sampling sites (N = 54, trees located outside the LADD model domain were not used, Fig. 1 ). Most lichen sampling sites were located in "tree" land-cover (Fig. 1) . When that was not the case, which was due to the resolution of the land-cover model (because lichens were observed on trees), the N dep for the nearest "tree" land-cover pixel was used, which was always less than 3 m from the point. This was done because LADD predicts much larger deposition rates to "trees" than to "grasslands".
For correlating LDVs with [NH 3 ] atm , an interpolation of one of those variables was necessary, because they were not Species with * had their classification corrected after Pinho et al. (2011) . None of the species found is known to fix nitrogen. sampled in the same sites (Fig. 1) . The LDVs were interpolated using ordinary kriging after analysis of the variograms . Thus, the linear regressions used for calculating CLEs were based on the estimated LDVs and the observed [NH 3 ] atm (N = 18, points located outside the lichen sampling sites spatial envelope were not used, Fig. 1 ). The decision to interpolate the LDVs and analyse the correlation with the measured [NH 3 ] atm , rather than the other way round, was in order not to over-inflate the degrees of freedom associated with the correlation and because the LDV interpolations had a higher level of confidence due to the much larger number of samples. Both LDVs (LDVnitro and LDVoligo) yielded a robust geostatistical model and thus a reliable set of interpolated values. All mapping outputs, geostatistics analysis and spatial operations were done with ArcMap v.9.3 (ESRI), correlations and function fitting were performed with Statistica v.10.0 (Statsoft).
Results and discussion
Patterns of nitrogen deposition and atmospheric ammonia
Both N dep and [NH 3 ] atm displayed similar spatial patterns, decreasing exponentially with distance from the cow-barn (Fig. 2) , which is in accordance to what has been observed in other studies with N red point sources Sutton et al., 1998; Verhagen and van Diggelen, 2006) . The extent of impact of the studied N red source was found to be ca. 50 m for CLOs and ca. 90 m for CLEs, which corresponds to the distance above which we could find N dep and [NH 3 ] atm values lower than the critical limits established, respectively (see Sect. 3.2). The results confirm the short-range dispersion of N red emitted from a point source found in other works , but it may not be the same in other situations since it is dependent on the surrounding land-cover (e.g. trees vs. grass proportion) and on the number of animals in the barn (Adrizal et al., 2008; Verhagen and van Diggelen, 2006) .
The N dep values found in our work in the lichen sampling points ranged from 17.9 kg ha −1 yr −1 to 381.7 kg ha −1 yr −1 . The values found in other studies near agricultural N red sources presented lower maxima values, 5-104 (Hao et al., 2009 ), 11-80 (Pitcairn et al., 1998 , 5-42 kg ha −1 yr −1 . The higher maximum values found here could reflect the fact that we have estimated deposition at a very short distance from the barn, where the predicted N dep is maximum, and this distance may vary between studies. It is important to note that the lowest N dep value estimated, 17.9 kg ha −1 yr −1 , was higher than the background value for the region, ca. 10 kg ha −1 yr −1 . This suggests that all points in our study site were influenced by N emitted from the barn and did not reach the regional background N dep value. This observation reinforces the importance of considering the LDVs from a control area in order to obtain values for lichens near the regional N dep background. The [NH 3 ] atm .
Critical load of nitrogen deposition and critical level of atmospheric ammonia
We confirmed the initial hypothesis, that we could use the response of lichen functional groups at increasing distances from an agriculture N red source to calculate CLOs and CLEs for semi-natural Mediterranean evergreen woodlands, using the modelled N dep and the measured [NH 3 ] atm . Based on the changes of LDVoligo, which were shown to be the most sensitive, the CLO for semi-natural Mediterranean evergreen woodlands can be considered 26 kg ha −1 yr −1 (Fig. 4) . However, we found that the highest measured LDVoligo in the study site is lower than the regional control value, probably because all sampled points in the study site were still influenced by N from the barn, suggesting that the CLO should be lower than 26 kg ha −1 yr −1 . This value is within the upper range suggested for other European forested seminatural ecosystems, using lichens as indicators, which vary between 10 to 25 kg ha −1 yr −1 (Bobbink et al., 2010) . Based on the changes of LDVoligo the long-term CLE for seminatural Mediterranean evergreen woodlands was found to be lower than 1.9 µg m −3 because again, the highest measured LDVoligo was below the control value (Fig. 4) . This CLE value is in agreement with recent studies pointing to the revision of CLEs of [NH 3 ] atm from 8 µg m −3 to 1 µg m −3 (Cape et al., 2009 ).
There is a general lack of studies regarding the effects of excessive N dep and [NH 3 ] atm on Mediterranean ecosystems excepting California (Bobbink et al., 2011; OchoaHueso et al., 2011) , although California is quite diferent from Mediterranean-Europe on what regards historical and current land-use patterns and intensity. Furthermore, the few studies on the effects of increased N availability on the diversity of vascular plants within the European-Mediterranean ecosystems seem to be contradictory. An increase in total diversity was reported on maquis with a one year addition of 40 and 80 kg N ha −1 yr −1 and in Spanish mountain heathlands located near Mediterranean climate areas with N dep of 56 kg ha −1 yr −1 (Calvo et al., 2005) . Other studies reported no change in total species richness as the work performed in Italian grassland with N addition of 35 kg ha −1 yr −1 (Bonanomi et al., 2006) . However, the effects of N dep and [NH 3 ] atm are much clearer when measures of functional groups instead of total diversity are used (Fenn et al., 2008) , which is in accordance to what was observed in this work. The relation between LDVs and N dep and LDVs and [NH 3 ] atm was highly significant (P < 0.0001), both N dep and [NH 3 ] atm presenting the same type of relationship to lichen functional groups: higher N dep and [NH 3 ] atm led to a decrease of oligotrophic species (LDVoligo) and to an increase of nitrophytic ones (LDVnitro) (Figs. 3, 4) . This has been observed in several studies in temperate (Fenn et al., 2007; Rogers et al., 2009; Wolseley et al., 2006) and Mediterranean ecosystems (Frati et al., 2007) . However, unlike these previous works done in Mediterranean ecosystems, we monitored [NH 3 ] atm for a full year, allowing us to fully account for Mediterranean climate seasonality and variability in [NH 3 ] atm . Moreover, other environmental factors that could influence lichens, such as industrial pollutants or regional climate (Giordani and Incerti, 2008; Pinho et al., 2008a) , dust (Loppi and Pirintsos, 2000; Pinho et al., 2008b) or land-use intensity (Pinho et al., 2008; Stofer et al., 2006) were constant throughout our study site. Thus we were able to provide more accurate estimates of CLEs and CLOs for semi-natural areas for the first time for European Mediterranean ecosystems. Extrapolation from a single study area to all Mediterranean evergreen woodlands was based not only in the common type of semi-natural ecosystem (dominated by Quercus spp.) as well on the climate, which is similar across European-Mediterranean areas (when compared to other climates, e.g. temperate).
The CLOs found in this work are comparable to the ones, found in other semi-natural ecosystems (not Mediterranean), also calculated based on lichen diversity changes (Bobbink et al., 2010) . However, the CLOs found for natural or unmanaged ecosystems, also based in lichen diversity changes, such as California forest (Fenn et al., 2008) and European tundra and mountain summits (Bobbink et al., 2011) are much lower (3-10 kg ha −1 yr −1 ) than the values found in this work. This difference can be due to the higher availability of N in semi-natural ecosystems than in natural ones. As a consequence in semi-natural ecosystems the more sensitive species, e.g. cyanolichens (Aragon et al., 2010) , could already have been eliminated and thus the remaining community is more tolerant to small increases in N. Nevertheless it is critical to determine the thresholds for semi-natural ecosystems. In fact, conservative estimate suggest than only less than one quarter of Earth's ice-free land can be seen as wild (Ellis and Ramankutty, 2008) , pressing humans to push towards sustainability of these so called anthromes (anthropogenic biomes) (Ellis, 2011) . Mediterranean evergreen woodlands are among those semi-natural ecosystems with high biodiversity and that simultaneously provide a large number of other services to man, which depend on lowintensity human management (Bugalho et al., 2011) . Finding critical thresholds for these systems is, therefore, crucial in order to set limits for management intensification and avoid losing current biodiversity.
It is interesting to note that the CLOs available in literature (Bobbink et al., 2011) appear to be dependent on the management intensity, but independent of climate, with similar CLOs found for different climates under the same management intensity. The CLEs available, although not including most ecosystems, (Cape et al., 2009 ) indicate that they are independent of both climate and management intensity. This independence of climate indicates that N may have the same type of impact on lichens communities worldwide, suggesting that lichens could be used as universal indicators for the impact of excessive N.
By measuring [NH 3 ] atm directly, we greatly reduced the uncertainty of the CLEs. However, for CLOs we could not measure all components of N dep . The best estimates of N dep was therefore derived as the sum of (1) modelled N deposition from the LADD model for the study site, and (2) background N dep , estimated using the EMEP Unified Model (Simpson et al., 2003) . This background estimate increased the uncertainty of the CLOs, because the real background N dep could be lower, due to the poor resolution of the EMEP model for Portugal (50 km). The study site is located in a grid cell which contains large industrial and urban areas, but is in fact located 10 km from the nearest small town (Alcochete), and 20 km from the larger cities (Lisboa, Setúbal and Montijo) and from the nearest industrial area (Barreiro). Therefore, the background N dep due to NO x (5.1 kg ha −1 yr −1 ) will be most probably overestimated for the study site, which in turn leads to an overestimation of CLOs. Thus it is of critical importance to produce maps of N dep in the future with a higher spatial resolution. Another aspect that may have originated an overestimation of the CLOs was the use of fixed deposition velocities for the LADD model. It has been suggested that N deposition velocity is dependent on [NH 3 ] atm , and thus the N dep could be smaller than the ones we calculated.
Sensitivity of nitrophytic and oligotrophic lichens
Although both LDVoligo and LDVnitro presented equally significant correlations to either N dep or [NH 3 ] atm , which was expected (Ruisi et al., 2005; Sparrius, 2007; Vilsholm et al., 2009) , the CLOs and CLEs were always lower when considering LDVoligo (Figs. 3, 4) . The highest observed LDVoligo observed in our study site was below the regional control value, whereas for LDVnitro a large number of sampling points were still within the range of the regional control value (Figs. 3, 4) . This suggests that the oligotrophic functional group is more sensitive to increasing N availability than the nitrophytic one and/or that the nitrophytic functional group may require higher [NH 3 ] atm or N dep driven by N red to respond . The differences between the response of nitrophytic and oligotrophic species to N dep or [NH 3 ] atm could be related to the capacity of nitrophytic species to prevent the accumulation of N in the cells, (GaioOliveira et al., 2005) which can be due to the capacity to provide sufficient carbon for N metabolism (Hauck, 2010) . However, the mechanism by which excessive N influences lichens is currently under debate. An indirect effect of atmospheric ammonia on tree bark pH (van Herk, 2001 ) has been suggested; an effect that can be confounded/or correlated with the influence of dust, especially relevant in Mediterranean areas (Branquinho et al., 2008; Loppi and Pirintsos, 2000) . Nevertheless it remains inconclusive if the change in bark pH is merely a consequence of pollution to which lichens are directly responding (Spier et al., 2010) . Another possible mechanism includes direct toxicity of excessive N on oligotrophic species, for example on the performance of photosystem II (Paoli et al., 2010) . However, independently of the actual mechanism, the different sensitivity to N of the oligotrophic and nitrophytic functional groups points to the preferential use of LDVoligo as the most sensitive tool to monitor the effects of low N dep (driven by N red ) and [NH 3 ] atm . This is critical in establishing thresholds in highly disturbed areas, where only the most tolerant species remain (Frati et al., 2007) : in these areas if a control value is not taken into account the CLOs and CLEs calculated can be largely overestimated.
Conclusions
The more important outcome of this work was that, by modelling the highly significant relationship between LDVs and N dep and LDVs and [NH 3 ] atm we could establish critical thresholds for N, for the first time for European Mediterranean evergreen woodlands, a semi-natural ecosystem. The critical loads for N deposition were considered to be below 26 kg ha −1 yr −1 and the long-term critical levels of atmospheric ammonia were found to be below 1.9 µg m −3 . The critical levels found were similar to the concentrations established for other ecosystems. The critical loads found were within the upper range of the critical loads for other seminatural ecosystems, but higher than for natural ones.
